INTRODUCTION {#S1}
============

The clinical effectiveness of therapeutic strategies targeting oncogenic signaling is often limited by mechanisms of adaptive resistance, in which initial suppression of oncogenic signaling by a drug is incomplete and temporary, followed by signaling reactivation (rebound) in the presence of the drug. Deregulated RAS/RAF/MEK/ERK signaling (extracellular signal-regulated kinase \[ERK\] signaling) drives growth of a large fraction of human tumors. We and others have shown that relief of negative feedback upon RAF or MEK inhibitor treatment in multiple ERK-dependent tumor contexts, promotes upregulation of various receptor tyrosine kinases (RTKs), which, in turn, activate RAS, resulting in rebound of ERK activity and development of adaptive resistance of the tumor to the inhibitor ([@R9]; [@R13]; [@R24]; [@R28]; [@R33]; [@R38]; [@R47]).

The non-receptor protein tyrosine phosphatase SHP2 (*PTPN11*) mediates signal transduction downstream of various RTKs. It is a core component of a signaling multi-protein complex downstream of activated RTKs, which includes Grb2-associated binder (GAB) 1, GRB2, and other adaptor proteins, that promotes RAS activation by its guanine exchange factor (GEF) SOS ([@R11]; [@R17]). The development of small-molecule inhibitors of SHP2 provides the opportunity to potentially overcome adaptive resistance by co-targeting both oncogenic signaling and feedback-induced RTK-mediated RAS activation. Recently, SHP2 inhibition and the combination of SHP2 and ALK or MEK inhibitors were shown to have activity in tumors with deregulated ALK ([@R12]) or RAS ([@R30]; [@R40]; [@R49]) signaling, but whether the combined SHP2 and ERK signaling inhibition would be effective in the broader context of ERK-dependent tumors is not known. Thus, we used a recently developed allosteric small-molecule inhibitor of SHP2, SHP099 ([@R8]; [@R16]), in an effort to identify molecular determinants of sensitivity and resistance to combined SHP2 and ERK signaling inhibition in ERK-driven tumors.

RESULTS {#S2}
=======

The Small-Molecule SHP099 Disrupts the SHP2 Signaling Complex {#S3}
-------------------------------------------------------------

SHP099 was shown to bind to the closed conformation of SHP2 and inhibit its catalytic activity ([@R8]). The chemical structure and reported selectivity of this and other inhibitors used in this study are shown in [Figure S1](#SD1){ref-type="supplementary-material"}. To investigate the mechanism by which SHP099 suppresses SHP2 signaling, we treated HeLa cells with epidermal growth factor (EGF) and monitored the formation of the SHP2 signaling complex in the absence or presence of SHP099. EGF stimulation promoted the interaction of SHP2 with EGF receptor (EGFR), GAB1, GRB2, and SOS1, induced SHP2 phosphorylation at Y542 (p(Y542)SHP2), a surrogate marker of SHP2 activation downstream of RTK activation ([@R2]; [@R4]; [@R11]), as well as pMEK and pERK. SHP099 pretreatment disrupted this interaction and diminished SHP2 phosphorylation as well as ERK signaling activation without affecting EGFR phosphorylation ([Figure 1A](#F1){ref-type="fig"}), confirming that SHP2 functions downstream of RTK signaling and upstream of RAS. Consistent with this observation, treatment with SHP099 disrupted the SHP2/GRB2 complex and suppressed SHP2 phosphorylation as well as RAS and ERK activity in HER2- or EGFR-amplified tumor cells ([Figure 1B](#F1){ref-type="fig"}).

Single MEK or SHP2 Inhibitor Treatments Are Accompanied by Rebound of ERK Signaling in TNBCs {#S4}
--------------------------------------------------------------------------------------------

Targeting ERK signaling with MEK inhibitors has shown preclinical activity in triple-negative breast cancer (TNBC) models ([@R21]); however, acute inhibition of ERK activity causes relief of negative feedback, which promotes upstream RTK upregulation and RAS activation resulting in rebound of pERK in the presence of the inhibitor ([@R13]). In a panel of TNBC cell lines treated with the MEK inhibitor trametinib, we observed suppression of pERK within 1 hr of treatment, followed by a significant pERK rebound at 24 hr ([Figure 2A](#F2){ref-type="fig"}). Moreover, the pERK rebound was associated with upregulation of p(Y542)SHP2 in all TNBC lines analyzed ([Figure 2A](#F2){ref-type="fig"}). These results suggested a possible role for SHP2 in mediating RTK-driven adaptive resistance to MEK inhibition in these tumor cells.

SHP2 is a critical mediator of RAS/ERK signaling in response to EGFR activation ([@R15]). EGFR expression is upregulated in the majority of TNBCs ([@R18]), and its expression has been found to correlate with that of SHP2 ([@R31]), consistent with the importance of SHP2 in EGFR signaling. We thus investigated the effectiveness of the SHP2 inhibitor as single agent in TNBC tumor cells. Treatment of TNBC cell lines with SHP099 resulted in only short-term inhibition and subsequent pERK rebound ([Figure 2B](#F2){ref-type="fig"}), which was associated with minimal effect on cell growth ([Figure 2C](#F2){ref-type="fig"}). These results suggested that treatment with SHP099 alone promoted adaptive resistance mechanisms analogous to those elicited by other ERK signaling inhibitors (i.e., reactivation of signaling because of relief from negative feedback), resulting in the inability of SHP099 to effectively suppress activated SHP2 and, consequently, the pERK rebound. Thus, in TNBC, MEK activity has been shown to mediate the pERK rebound downstream of SHP2 inhibition ([@R13]), and conversely, we found that pERK rebound downstream of MEK inhibition is associated with SHP2 activation ([Figure 2A](#F2){ref-type="fig"}).

Combined MEK and SHP2 Inhibition Overcomes Adaptive Resistance to Either Inhibitor Alone in TNBC Models {#S5}
-------------------------------------------------------------------------------------------------------

Although trametinib or SHP099 treatment alone resulted in transient inhibition of ERK signaling and minimal to modest inhibition of TNBC growth ([Figures 2A--2C](#F2){ref-type="fig"}), we reasoned that combined targeting of MEK and SHP2 might prevent the development of adaptive resistance in these tumor lines. In fact, combined treatment with trametinib and SHP099 resulted in potent and durable suppression of pERK ([Figure 2D](#F2){ref-type="fig"}), associated with disruption of the SHP2 interaction with GAB1 and GRB2 and reduction in RAS activity ([Figure 2E](#F2){ref-type="fig"}). Moreover, the combination induced profound growth inhibition in all TNBC models tested, including EGFR-amplified (MDA-MB-468 and BT-20), RAS mutant (MDAMB-231, Hs 578T, and SUM159), neurofibromatosis type 1 (NF1) mutant (MDA-MB-157), and other TNBC cell lines ([Figure 2F](#F2){ref-type="fig"}), suggesting that co-targeting of MEK and SHP2 could serve as a powerful therapeutic approach in TNBC, for which targeted therapeutics are currently lacking.

Various RAS Mutations Predict Different Sensitivities to Either SHP2 or Combined MEK and SHP2 Inhibition {#S6}
--------------------------------------------------------------------------------------------------------

Activating RAS mutations occur in more than 30% of human tumors ([@R3]) and have been long considered independent of upstream signaling. However, the recent development of irreversible inhibitors of RAS(G12C) revealed the dependency of this RAS mutant on RTK-driven GEF activity in cells ([@R23]; [@R29]; [@R36]; [@R37]). These findings raised the possibility that RAS(G12C) or other RAS mutations might be dependent on SHP2 activity; we thus assessed the effect of SHP099 alone or in combination with trametinib in various RAS mutant tumor cells.

We found that short-term (2 hr) treatment with SHP099 suppressed RAS activity and pERK selectively in RAS(G12X) mutant cells but not in RAS(G13D) or RAS(Q61X) mutant cells (Figures [3A, 3B](#F3){ref-type="fig"}, and [S2A](#SD1){ref-type="supplementary-material"}). Further, among RAS(G12C) mutant cells, H358 and MIAPaCa-2 showed greater sensitivity to SHP099 alone compared with Calu-1 or H1792 cell lines, ([Figures 3B and 3C](#F3){ref-type="fig"}). Sensitivity to SHP099 correlated well with basal levels of RAS activity, which were greater in the SHP099-sensitive H358 and MIAPaCa-2 cells compared with the less-sensitive Calu-1 and H1792 cell lines ([Figure 3D](#F3){ref-type="fig"}). Of note, combined trametinib and SHP099 treatment effectively suppressed ERK signaling and cell growth of all RAS(G12C) tumor lines ([Figures 3B and 3C](#F3){ref-type="fig"}). We further found tumor lines with other RAS(G12X) mutant cell lines to be sensitive to the MEK and SHP2 combination, including RAS(G12A) or RAS(G12S) ([Figures 3B and 3C](#F3){ref-type="fig"}), suggesting that additional RAS(G12X) mutations likely also require GEF activity and, therefore, depend on SHP2.

In contrast to RAS(G12X) mutant cells, tumor cells expressing RAS(G13D) or RAS(Q61X) mutations were resistant to SHP099 alone and relatively insensitive to the SHP099 and trametinib combination (Figures [3A--3C](#F3){ref-type="fig"} and [S2A](#SD1){ref-type="supplementary-material"}). Moreover, culturing RAS(G13D) or RAS(Q61X) mutant tumor cells under conditions of low serum did not confer sensitivity to SHP099 on either ERK signaling or cell growth ([Figures S2B and S2C](#SD1){ref-type="supplementary-material"}). Together, these data indicate that RAS(G13D) and RAS(Q61X) activate RAS in the absence of upstream RTK/SHP2 signaling, consistent with previously reported biochemical properties of these mutants (a high rate of nucleotide exchange and very low intrinsic GTPase activity, respectively \[[@R22]\]).

SHP2 Inhibition Overcomes Adaptive Resistance to RAF Inhibitor in a Subset of BRAF(V600E) Colorectal and Thyroid Tumors in Which Negative Feedback Induces p(Y542)SHP2 {#S7}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Unlike BRAF(V600E) melanomas, BRAF(V600E) colorectal and thyroid cancers showed modest response to RAF inhibitors, due to RTK-mediated adaptive resistance resulting in pERK rebound in such tumors ([@R9]; [@R24]; [@R33]; [@R38], [@R39]). SHP2 has been identified previously by a genetic screen as a mediator of adaptive resistance to RAF inhibitors in BRAF(V600E) colorectal cells, and pharmacologic or genetic targeting of SHP2 was shown to sensitize those cells to vemurafenib ([@R39]). We thus asked whether combining the RAF inhibitor vemurafenib (VEM) with SHP099 would potentiate VEM effectiveness. In BRAF(V600E) colorectal tumor lines, including RKO, WiDr, and HT-29 as well as the thyroid line 8505C, the combination of VEM and SHP099 resulted in potent suppression of the pERK rebound and marked inhibition of cell growth (Figures [4A, 4B](#F4){ref-type="fig"}, [S3A, and S3B](#SD1){ref-type="supplementary-material"}). Consistent with those findings, VEM treatment of BRAF(V600E) tumor cells sensitive to the combination resulted in the formation of the GRB2/SHP2 complex and in RAS activation, both of which were abrogated upon co-treatment with SHP099 ([Figures 4C and 4D](#F4){ref-type="fig"}). In contrast, Hth104 and SW1736 thyroid and SW1417 colorectal tumor lines exhibited RAS activation and pERK rebound in response to VEM, which were completely insensitive to added SHP2 inhibition (Figures [4A, 4C](#F4){ref-type="fig"}, and [S3A](#SD1){ref-type="supplementary-material"}), with neither treatment antagonizing the growth of these tumor cells (Figures [4B](#F4){ref-type="fig"} and [S3B](#SD1){ref-type="supplementary-material"}). Of note, insensitive SW1736 cells showed less or no interaction of SHP2 with GRB2 and GAB1 compared with sensitive HT-29 cells when treated with VEM ([Figure 4E](#F4){ref-type="fig"}).

Furthermore, we observed that in the SHP2-dependent BRAF(V600E) tumor cells, p(Y542)SHP2 was detected at basal level ("SHP2-positive"), which was further induced upon treatment with RAF inhibitor but suppressed upon treatment with SHP099 ([Figure 4C](#F4){ref-type="fig"}). In contrast, p(Y542)SHP2 was virtually undetectable in certain BRAF(V600E) cells, in which RAS was feedback-activated independent of SHP2 ("SHP2-negative") ([Figure 4C](#F4){ref-type="fig"}). These findings raised the possibility that a lack of SHP2 phosphorylation may help predict independence on SHP2 for feedback-induced RAS activation and thus tumor insensitivity to combined SHP2/ERK signaling inhibition. Thus, we compared levels of p(Y542)SHP2 upon relief of negative feedback using ERK signaling inhibitors in a larger panel of cell lines. The results confirmed that, in each case (TNBC, RAS mutant, and BRAF(V600E) tumor lines), the efficacy of the combined SHP2 and ERK signaling inhibition was associated with detectable p(Y542)SHP2 ([Figure 4F](#F4){ref-type="fig"} and not shown). These findings suggest that low levels of p(Y542)SHP2 may serve as an indicator of resistance to the combination of SHP2 and ERK signaling inhibitors.

To assess the *in vivo* effectiveness of combined ERK signaling and SHP2 inhibition, we treated mice carrying RKO xenografts with the triple combination of the U.S. Food and Drug Administration (FDA)--approved RAF and MEK inhibitor combination (dabrafenib and trametinib, respectively) and SHP099, after confirming it was more effective than dabrafenib and trametinib in inhibiting ERK signaling *ex vivo* ([Figure 4G](#F4){ref-type="fig"}). Dabrafenib and trametinib or SHP099 alone had minimal effect on xenograft tumor growth or ERK signaling ([Figures 4H--4J](#F4){ref-type="fig"}). However, the triple combination dabrafenib, trametinib, and SHP099 markedly suppressed p(Y542)SHP2 ([Figure 4H](#F4){ref-type="fig"}) and ERK signaling ([Figure 4I](#F4){ref-type="fig"}) and growth ([Figure 4J](#F4){ref-type="fig"}) of RKO xenograft tumors, without any obvious effect on body weight ([Figure S3C](#SD1){ref-type="supplementary-material"}), providing further evidence that combined ERK signaling and SHP2 inhibition may be an effective therapeutic strategy for patients with BRAF(V600E) colorectal tumors.

ERBB Family or MET Activation Promotes Adaptive Resistance to RAF Inhibitor via SHP2-Dependent RAS Activation in BRAF(V600E) Colorectal Tumors {#S8}
----------------------------------------------------------------------------------------------------------------------------------------------

To dissect the molecular mechanisms underlying BRAF(V600E)-expressing thyroid and colorectal tumors with SHP2-dependent and SHP2-independent adaptive resistance to RAF inhibition ("SHP2-positive" and "SHP2-negative," respectively), we treated cells with VEM for 48 hr, followed by different RTK inhibitors for 2 hr and examined their effect on the pERK rebound. ERBB family inhibitors (gefitinib, lapatinib, and AZD8931) potently suppressed the pERK rebound in WiDr and HT-29 cells but failed to do so in RKO cells or in any of the SHP2-negative tumor cells ([Figure 5A](#F5){ref-type="fig"}). To identify additional RTKs beyond the ERBB family that might be drivers of feedback-induced RAS activation, we performed RTK arrays after treatment with VEM in RKO and in the SHP2-negative cells. In RKO, phosphorylation of multiple RTKs, including MET and AXL, was detected (Figures [5B, 5C](#F5){ref-type="fig"}, and [S4](#SD1){ref-type="supplementary-material"}). Treatment of RKO cells with the MET inhibitors crizotinib or cabozantinib, an inhibitor of both MET and AXL among other kinases, but not with the AXL inhibitor R428, potently suppressed the pERK rebound after VEM treatment ([Figures 5C and 5D](#F5){ref-type="fig"}) as well as MET phosphorylation ([Figure 5C](#F5){ref-type="fig"}). Together, these results argued that, in RKO negative feedback-induced RAS, activation was mediated by MET signaling through SHP2.

Feedback Activation of Fibroblast Growth Factor Receptor in Response to VEM Can Promote RAS Activation Independent of SHP2 {#S9}
--------------------------------------------------------------------------------------------------------------------------

In the SHP2-negative cells, none of the aforementioned inhibitors or the IGF-1R and insulin receptor (IR) inhibitor GSK1904529A in SW1417 cells, in which both IGF-1R and IR up-regulation were detected in the RTK array, suppressed the VEM-induced pERK rebound ([Figures 5A, 5B, and 5D](#F5){ref-type="fig"}), suggesting that another RTK or upstream factor drives feedback-induced RAS independent of SHP2 in these cells.

Upregulation of HER3 was previously reported to mediate adaptive resistance to RAF inhibitors in BRAF(V600E) thyroid tumor cells ([@R33]). In agreement with that report, both our RTK array and western blot analysis revealed evidence of upregulated HER3 phosphorylation in all thyroid tumor cell lines analyzed, including the two SHP2-negative lines Hth104 and SW1736 ([Figure 5B](#F5){ref-type="fig"} and [S5A](#SD1){ref-type="supplementary-material"}). The observation that HER3 upregulation coincided with feedback-induced RAS activation in SHP2-negative cells, prompted us to ask whether HER3 was able to induce the pERK rebound independently of SHP2. Thus, we treated luminal breast cancer cell lines that express HER3, including MCF7, T47D, BT474, and SK-BR-3, with the HER3 ligand neuregulin (NRG), which induced pERK and p(Y542)SHP2, similar to EGF ([Figures S5B and S5C](#SD1){ref-type="supplementary-material"}). Moreover, treatment with SHP099 blocked NRG-induced ERK activation, similarly to its inhibitory effect upon EGF stimulation ([Figures S5B and S5C](#SD1){ref-type="supplementary-material"}). These data suggested that ERK activation downstream of HER3 is mediated by SHP2 activation. However, pharmacological or shRNA-mediated targeting of HER3 had no effect on the pERK rebound after VEM treatment in Hth104 and SW1736 thyroid tumor cells (Figures [5A](#F5){ref-type="fig"} and [S5D](#SD1){ref-type="supplementary-material"}). These findings suggested that HER3 was unlikely to mediate the pERK rebound in response to RAF inhibitor treatment in this setting.

To search for other drivers of feedback-induced RAS activation in the SHP2-negative BRAF(V600E) cells, we carried out RNA sequencing (RNA-seq) analysis before and after treatment with VEM, with the SHP2-positive cell line WiDr used for comparison ([Figure 6A](#F6){ref-type="fig"}). RNA-seq analysis showed no obvious differences in expression levels of known RAS activity regulators (RAS GEFs and GTPase activating proteins \[GAPs\]). Among multiple chemokines and cytokines upregulated in response to VEM treatment, interleukin 6 (IL-6) showed much higher expression levels in the SHP2-negative than in SHP2-positive cells, in line with a previous report implicating IL-6 in driving adaptive resistance to RAF inhibitors ([@R45]). However, treatment of SW1736 cells with IL-6 did not induce RAS or ERK activation, and pSTAT3 induction by IL-6 was not affected by SHP099 ([Figures S6A and S6B](#SD1){ref-type="supplementary-material"}). Further, small interfering RNA (siRNA)-mediated knockdown of IL-6 in SW1736 cells did not suppress the pERK rebound upon VEM treatment ([Figure S6C](#SD1){ref-type="supplementary-material"}), suggesting that IL-6 was unlikely to mediate the pERK rebound in response to RAF inhibitor treatment in this context.

We next focused on identifying candidate RTKs, whose RNA expression were increased at either basal levels or in response to VEM treatment in the SHP2-negative cell lines Hth104 and SW1736. In fact, RNA expression levels of both the fibroblast growth factor receptor 1 (FGFR1) and its ligand FGF2 were several-fold higher in these lines as compared with the SHP2-positive cell line WiDr ([Figure 6A](#F6){ref-type="fig"}). Consistent with the RNA expression data, protein expression levels of FGFR1 and FGF2, as well as FGFR1 phosphorylation, were much higher in SW1736 and Hth104, compared with WiDr and HT-29 ([Figure 6B](#F6){ref-type="fig"}). Moreover, SW1736 cells were also expressing high levels of FGFR2 ([Figure 6B](#F6){ref-type="fig"}). We further found that stimulation of FGFR using FGF2 in SW1736 induced pERK without detectable p(Y542)SHP2, whereas EGFR stimulation caused a substantial induction of p(Y542)SHP2 in HT-29 cells ([Figure 6C](#F6){ref-type="fig"}), indicating that, in SW1736 cells, FGFR signaling can drive RAS/ERK activation independent of SHP2. We next assessed the effect of combining VEM with pan-FGFR inhibitors, such as BGJ398 or ponatinib. In each case, BGJ398 or ponatinib suppressed RAS activation ([Figure S7A](#SD1){ref-type="supplementary-material"}) and the pERK rebound ([Figure 6D](#F6){ref-type="fig"}) after 48 hr of treatment with VEM. Moreover, simultaneous treatment of VEM and ponatinib or BGJ398 suppressed RAS activity and pERK more potently compared with either compound alone ([Figures 6E and 6F](#F6){ref-type="fig"}). These results suggested that FGFR activity mediates feedback-induced, SHP2-independent RAS activation in these cells.

Further, siRNA-mediated knockdown of FGFR1 or the double knockdown FGFR1/FGFR2, diminished the pERK rebound in Hth104 and SW1736 cells, respectively ([Figures 6G and 6H](#F6){ref-type="fig"}). Finally, combinatorial treatments of VEM with either ponatinib or BGJ398 potently suppressed cell growth of both Hth104 and SW1736 cells ([Figures 6I and 6J](#F6){ref-type="fig"}), arguing strongly that co-targeting of FGFR and ERK signaling may be an effective strategy for at least some SHP2-negative tumor cells.

DISCUSSION {#S10}
==========

Adaptive drug resistance is a major challenge to the clinical success of cancer therapies. Incomplete inhibition of oncogenic signaling allows survival of "drug-tolerant" tumor cells, which persist in that state for variable periods before acquiring additional genetic mutations associated with acquired drug-resistance and tumor relapse ([@R20]; [@R43]). For example, complete suppression of ERK activity (over 85%) has been shown to be required for significant tumor response in BRAF mutant melanomas ([@R6]). In this context, adaptive resistance is frequently associated with homeostatic mechanisms, such as negative feedback, which are mobilized upon target inhibition and lead to ERK signaling rebound in the presence of the drug. Activation of RTK signaling has been found to drive adaptive resistance in various ERK-dependent tumor contexts, including BRAF(V600E) melanoma, colorectal and thyroid cancers, and TNBC and RAS mutant tumors ([@R7]; [@R9]; [@R13]; [@R24], [@R25]; [@R28]; [@R33]; [@R38]; [@R41]; [@R42]; [@R46]). However, because adaptive resistance is mediated by various RTKs across various tumor types, or even in the same tumor, establishing effective approaches for combined targeting of ERK signaling and individual RTKs is challenging. Here, we characterized the strategy of targeting SHP2, a phosphatase that mediates RAS activation downstream of multiple RTKs to overcome adaptive resistance to ERK signaling inhibitors.

SHP2 (*PTPN11*) has been found to be required for full activation of RAS/ERK pathway in several contexts ([@R11]); however, the mechanistic details of how SHP2 regulates RAS activity downstream of RTK signaling remain unclear. Catalytic (phosphatase) activity of SHP2 has been shown to be critical for RAS/ERK activation, and SHP2 has been reported to dephosphorylate a number of proteins, including platelet-derived growth factor receptor (PDGFR) ([@R26]), EGFR([@R1]), and GAB ([@R32]); however, the relevant SHP2 substrate has not been conclusively identified. On the other hand, SHP2 has been shown to act as a scaffold protein recruiting GRB2/SOS complex to the membrane and promoting RAS activation ([@R11]; [@R17]). The allosteric SHP2 inhibitor used in our study (SHP099) both inhibits the catalytic activity and stabilizes the inactive conformation of SHP2 ([@R8]), resulting in the disruption of SHP2 interaction with other adaptor proteins, such as GRB2 and GAB1, and the concomitant decrease of RAS activity.

In this study, we used p(Y542)SHP2 as a surrogate marker for SHP2 activation. However, the regulatory role of the SHP2 C-terminal phosphorylation remains incompletely understood. It has been shown that the phosphorylation of tyrosine 542 and 580 at the C-terminal tail of SHP2 are the main recruitment events for GRB2/SOS and subsequent activation of downstream RAS/ERK signaling ([@R4]; [@R48]), whereas another report showed that mutation of those sites had no functional effect on SHP2 signaling ([@R35]). Nonetheless, in our experiments using SHP099, the interaction of SHP2 with GRB2 and GAB1 and RAS/ERK activation always correlated with phosphorylation of SHP2 at Y542, suggesting that, at least in this context, p(Y542)SHP2 can serve as a marker of SHP2 activation downstream of RTK signaling.

TNBC represents about 15% of breast tumors, and typically has a poorer outcome compared with other breast cancer sub-types because of an inherently more aggressive clinical behavior and the current lack of targeted therapeutic options ([@R5]). MEK inhibitors have shown preclinical activity in TNBC ([@R21]), but feedback activation of upstream RTKs has been shown to limit their efficacy ([@R13]). We show here that combined MEK and SHP2 inhibition had a profound inhibitory effect on both ERK signaling and cell growth in all TNBC lines tested, including RAS mutant and RTK-overex-pressing TNBC tumor cells, suggesting that this combination provides a powerful therapeutic strategy for patients with this aggressive tumor type ([Figure 7A](#F7){ref-type="fig"}).

Among RAS mutant tumors analyzed, we found that the efficacy of either the SHP2 inhibitor SHP099, or combined MEK and SHP2 inhibition was best in those expressing RAS mutations at G12 ([Figure 7B](#F7){ref-type="fig"}). Recent studies revealed that cellular RAS(G12C) activity depends on RTK-mediated nucleotide exchange, and binding of an irreversible RAS(G12C) inhibitor promotes dissociation of RAS(G12C) from the GEF SOS ([@R23]; [@R29]; [@R36]; [@R37]). In our studies, RAS(G12C) tumor cells showed variable degrees of sensitivity to SHP099, which paralleled reported sensitivity of the same cell lines to the RAS(G12C) inhibitors ([@R29]; [@R37]), consistent with both compounds affecting a common underlying dependence of RAS(G12C) on GEF activity. The combination of MEK and SHP2 inhibition was effective in RAS(G12C) cells, consistent with previously reported data showing low, but detectable, intrinsic GTPase activity retained in such mutants ([@R22]). We further found that SHP2 inhibition suppressed ERK activity and that combined MEK and SHP2 inhibition was effective in cells with other RAS(G12X) mutants, such as RAS(G12S) and RAS(G12A). These results suggest that, although these RAS mutants did not show substantial GTPase activity in biochemical assays as purified proteins ([@R22]), they may still depend on nucleotide exchange in cells. Alternatively, it is possible that, in certain contexts, pERK activity is regulated by SHP2 via additional mechanisms to GEF (SOS) recruitment. Further biochemical and cell-based studies are warranted to delineate the role of RTK/SHP2 and nucleotide exchange in the regulation of the different RAS mutants in cells.

Recent studies reported on the dependency of tumors with mutant RAS on SHP2 ([@R14]; [@R30]; [@R34]; [@R40]). Consistent with those studies, we found RAS(G12X) mutants, but not RAS(Q61X), to be dependent on SHP2. However, although [@R30] reported that RAS(G13D) signals in a SHP2-dependent manner, we found that RAS(G13D)-driven ERK activity was independent of SHP2 in the cell line models analyzed, and culturing conditions at low serum levels did not confer sensitivity to SHP2 inhibition. RAS(G13D) has been found previously in biochemical assays to retain low, but detectable, intrinsic GTPase activity and, in theory, could require upstream RTK signaling to maintain its active state. However, the same biochemical studies also found that this mutant exhibited an order of magnitude higher rate of nucleotide exchange, compared with wild-type RAS ([@R22]; [@R44]). Thus, the much greater cellular concentration of GTP compared with GDP could result in SOS-independent auto-activation ([Figure 7B](#F7){ref-type="fig"}), consistent with our findings with RAS(G13D) tumor cells.

In BRAF(V600E) colorectal and thyroid tumors, we observed upregulation of multiple RTKs in response to ERK signaling inhibition ([Figure 7C](#F7){ref-type="fig"}). By using a combination of pharmacological and knockdown targeting of specific RTKs to dissect the relative contribution of feedback-induced RTKs to RAS activation, we identified a role of EGFR signaling in a subset of colorectal BRAF(V600E) tumor lines, consistent with previous reports ([@R9]; [@R38]). We also identified an example of adaptive resistance to RAF inhibitors driven by another RTK, MET, rather than by the ERBB family. In each case, the tumor cells were also sensitive to combined RAF and SHP2 inhibition, indicating that SHP2 inhibition in combination with RAF and MEK inhibitors may be effective in a broader range of colorectal BRAF(V600E) tumors than combined targeting with EGFR/RAF/MEK, a drug combination recently assessed clinically in this context with modest results ([@R10]).

In two BRAF(V600E)-expressing tumor lines, in which both basal and RAF inhibitor-induced p(Y542)SHP2 levels were virtually undetectable (''SHP2-negative''), we identified FGFR signaling driving RAS activation in response to ERK signaling inhibition ([Figure 7C](#F7){ref-type="fig"}). These observations are consistent with previous findings that FGFR is able to signal both dependently or independently of SHP2 in different settings ([@R19]; [@R27]). In a third SHP2-negative tumor line, SW1417, selective inhibition of upregulated RTKs detected by RTK array or in our RNA-seq data (not shown) did not affect the pERK rebound after VEM treatment, indicating that another, as-yet-unknown factor mediates feedback-induced RAS activation in those cells. Together these findings raise the possibility that other RTKs, or other RAS-stimulating factors, could signal in an SHP2-independent fashion, depending on cellular context. Identifying which factors and settings drive SHP2-mediated adaptive resistance to ERK signaling inhibitors in various ERK-dependent tumors should enable the development of effective combinatorial pharmacologic strategies tailored for specific tumor contexts.

Our present findings establish that combined ERK signaling and SHP2 inhibition effectively overcome adaptive resistance to RAF and MEK inhibitors in a defined subset of ERK-dependent tumors, for which there are no presently available, targeted therapeutic options. Moreover, even though more comprehensive studies across different tumor contexts are warranted, our results suggest that expression of certain RAS mutations (G13D and Q61X) and low/undetectable p(Y542)SHP2 could serve as predictive biomarkers for resistance to the combination and thus help to select patients more likely to benefit from the addition of a SHP2 inhibitor to therapy with a RAF and/or MEK inhibitor. Thus, our findings provide a roadmap for the clinical development of this potentially powerful treatment strategy for a large portion of ERK-dependent tumors.

STAR★METHODS {#S11}
============

CONTACT FOR REAGENT AND RESOURCE SHARING {#S12}
----------------------------------------

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Poulikos Poulikakos (<poulikos.poulikakos@mssm.edu>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S13}
--------------------------------------

### Mice {#S14}

All animals were examined prior to the initiation of studies to ensure that they were healthy and acclimated to the laboratory environment. 5--7-week-old, female athymic NCR-NU-NU (Envigo laboratories) mice were used for animal experiments. All mouse experiments were approved by the Icahn School of Medicine at Mount Sinai Animal Care and Use Committee (protocol no. IACUC-2014--0229). Mice were maintained under specific pathogen-free conditions, and food and water were provided *ad libitum*.

RKO cells were harvested on the day of use and injected subcutaneously in one flank per mouse (10 × 10^6^/injection). After inoculation, mice were monitored daily, weighed every three days, and caliper measurements begun when tumors became visible. Tumor volume was calculated using the following formula: tumor volume = (*D* × *d*2)/2, in which *D* and *d* refer to the long and short tumor diameter, respectively. When tumors reached a size of 100--150 mm^3^, mice (*n* = 7) were randomized and treated with vehicle, dabrafenib (30 mg/kg, Selleckchem) and trametinib (0.25 mg/kg, Selleckchem) dissolved in 5% DMSO and 0.5% hydroxypropyl methyl cellulose and 0.2% Tween 80, SHP099 (75 mg/kg, Chemietek) dissolved in 5% DMSO and 0.5% methyl cellulose and 0.1% Tween 80, or the combination, orally once a day, based on mean group body weight. No obvious toxicities were observed in the vehicle- or drug-treated animals as assessed by difference in body weight between vehicle- and drug-treated mice. The endpoint of the experiment for survival studies was considered a tumor volume of 1,000 mm^3^ as per our approved protocol. Fold-change tumor growth was calculated relative to day 0 with the following formula: fold change in tumor growth = (\[tumor volume at day 21 -- tumor volume at day 0\]/tumor volume at day 0).

### Cell Lines {#S15}

RKO, WiDr, MCF7, T47D, MDA-MB-468, SW1417, NCI-H358, MIAPaCa-2, NCI-H1573, NCI-H1792, SKMEL2, Calu-1, Calu-6, HCT15, SW620, HCT116, HCC1937, BT20, MDA-MB-231, MDA-MB-157, Hs 578T, HT-29, SK-BR-3, BT-474, T84, and LoVo cells were purchased from the American Type Culture Collection (ATCC). HeLa, MDA-MB-436, BT-549, and SUM159 were provided by Ramon Parsons, and SNU387 cells were provided by Amaia Lujambio (both at Icahn School of Medicine at Mount Sinai). SW1736, Hth104, and 8505C cells were provided by James Fagin (Memorial Sloan Kettering Cancer Center). Cell lines were maintained in a humidified incubator at 37° C with 5% CO~2~, cultured in RPMI 1640, DMEM, DMEM/F12, or F12 supplemented with 10% FBS, 2 mM glutamine and 100 IU/ml penicillin and streptomycin.

METHOD DETAILS {#S16}
--------------

### Western Blot, Immunoprecipitation, and RTK arrays {#S17}

Cells were washed with PBS and lysed on ice for 10 min in lysis buffer (50 mM Tris \[pH 7.5\], 1% NP40, 150 mM NaCl, 10% glycerol, 1 mM EDTA) supplemented with protease inhibitors protease inhibitor cocktail tablets, Roche). Lysates were centrifuged at 15,000 rpm for 10 min, and the protein concentration was quantified using BCA (Pierce). Proteins were separated by NuPAGE, 4--12% Bis Tris Gel (Novex) and immunoblotted and transferred to nitrocellulose membranes (GE Healthcare) according to standard protocols. Membranes were immunoblotted overnight with antibodies against pERK^T202/Y204^, ERK, pSTAT3^Y705^, pMEK^S217/221^, MEK, pEGFR^Y1068^, EGFR, pERBB3^Y1289^, ERBB3, FGFR1, FGFR2, GRB2, GAB1, pMET^Y1234/1235^, MET and actin from Cell Signaling; SHP2 and IL6 from Santa Cruz Biotechnology; and pSHP2^Y542^, pFGFR1^Y653/654^, DUSP6, and SOS1 from Millipore; and FGF2 antibody was purchased from BD Biosciences. Next day, membranes were probed with anti-rabbit IgG or anti-mouse IgG secondary antibody (Cell Signaling) and chemiluminescent signals were detected on X-ray films.

For immunoprecipitations, lysates were incubated with SHP2 antibody (Santa Cruz Biotechnology) overnight at 4°C, followed by protein G agarose (Life Technologies) for 1 hr at 4°C. Samples were washed three times with lysis buffer, and sample buffer was added for subsequent immunoblot analysis.

Human phospho-RTK arrays were purchased from R&D Systems and were used according the manufacturer's guidelines.

### Active RAS Pull-Down {#S18}

RAS pull down kit (Pierce) was used to determine levels of RAS-GTP, according to the manufacturer's protocol. RAS was detected by western blot using either an antibody for KRAS (Novus Biologicals), or a pan-RAS antibody provided with the kit.

### Crystal Violet Cell Growth Assays {#S19}

Cells were plated in six-well plates at a density of 1--10 × 10^3^ cells/well. The next day, cells were treated with inhibitors as indicated, in regular growth medium for 10--14 days. Growth medium with or without inhibitors was replaced every 3 days. Cells were fixed with paraformaldehyde (4%) for 5 min and then stained with 0.5% crystal violet for 30 min.

### Lentiviral Production and Stable Cell Line Generation {#S20}

For shRNA experiments, HER3 short hairpin RNA (shRNA) constructs were obtained from the Broad RNAi consortium (TRCN0000040109: GCC TAC CAG TTG GAA CAC TTA; and TRCN0000010344: GAA TTC TCT ACT CTA CCA TTG) and were subcloned into Tet-pLKO plasmid (Addgene \#21915). Lentivirus was produced by co-transfecting HEK293T cells with Tet-pLKO plasmid containing HER3 shRNA with lentiviral packaging and envelope plasmids (psPAX2 and pMD2.G), using Lipofectamine 2000 (Invitrogen). Supernatant was collected 48 hr after transfection and filtered through a 0.45-μm filter unit (Millipore).

SW1736 and Hth104 cells stably expressing HER3 inducible shRNA were generated by transducing shHER3 lentivirus, followed by drug selection (2 μg/ml puromycin) for 1 week and treated with 1 μg/ml doxycycline to induce shRNA expression.

### RNA Interference {#S21}

SW1736 and Hth104 cells were seeded into six-well plates at a density of 1 × 10^5^ cells/well. Next day, cells were transfected with ON-TARGETplus SMARTpool siRNA against IL6, FGFR1, FGFR2 or non-targeting control (NTC) siRNA (Dharmacon) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Cells were treated, 24 hr post-transfection, with vemurafenib (2 μM) for an additional 1 and 24 hr prior to lysis.

### RNA Sequencing {#S22}

Cells were seeded and incubated overnight then treated with vemurafenib (2 μM) for 24 hr. Total RNA was isolated using TRIzol (Invitrogen) from DESCRIBE SAMPLE. Poly A-tailed mRNA was selected using beads with oligo-dT, fragmented, cDNAs were created using random-hexamers and ligated with bar-coded adaptors compatible with NextSeq500. Single-end, 75 nt long reads were sequenced on the instrument in the Department of Oncological Sciences of the Icahn School of Medicine at Mount Sinai. Custom-built software was used to map the reads to the human genome (hg38) and estimate the coverage of each gene. Briefly, the reads were split into two 37-bp parts after trimming 2 nt at the 3' end, and the parts were mapped to the genome using a suffix-array based approach. The median of coverage across the transcript was used as an estimate of gene expression. The expression values were quantile normalized and log-ratios were calculated by comparing X to the average of the controls. Unique Gene Ontology terms (GO terms) were assigned to each gene by ranking the GO terms by relevance to the biology of the response. The RNA Sequencing data was deposited in the Gene Expression Omnibus (GEO) under accession number GEO: GSE121117.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S23}
---------------------------------------

To assess differences in tumor growth between the different groups of mice (number of mice/group, *n* = 7) unpaired, two-tailed Student's *t* test was used. A p value less than 0.05 was considered statistically significant. Statistical analysis was carried out using GraphPad Prism 5.

DATA AND SOFTWARE AVAILABILITY {#S24}
------------------------------

The RNA sequencing data have been deposited in the Gene Expression Omnibus (GEO) under accession number GEO:GSE121117.
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![SHP099 Disrupts the SHP2/GRB2 Complex and Suppresses RAS Activity and ERK Signaling\
(A) HeLa cells were pretreated with either DMSO or SHP099 (SHP, 10 μM) for 1 hr before stimulation with epidermal growth factor (EGF, 10 ng/mL) for the indicated times. Cell lysates were either subjected to immunoprecipitation with a SHP2 antibody, followed by immunoblotting, or immunoblotted with the indicated antibodies.\
(B) The indicated RTK-overexpressing cell lines were treated with either SHP, lapatinib (LAP), or gefitinib (GEF) at 10 μM for 1 hr. Cell lysates were subjected to immunoprecipitation with a SHP2 antibody and immunoblotted for GRB2 and SHP2 or subjected to RAS-pull down assay and immunoblotted for RAS. Total cell lysates were also immunoblotted with the indicated antibodies.](nihms-1013350-f0002){#F1}

![Combination of SHP2 and MEK Inhibitors Overcomes the Feedback-Induced pERK Rebound and Suppresses Growth of TNBC Cells\
(A) The indicated TNBC tumor lines were treated with trametinib (TRAM, 20 nM), and SHP2 and ERK activity were monitored for 24 hr by immunoblotting with the indicated antibodies.\
(B) The same cell lines were treated with SHP (5 μM), and the pERK rebound was monitored for 24 hr by immunoblotting with the indicated antibodies.\
(C) Crystal violet cell growth assays of the indicated TNBC cell lines treated with SHP (1 and 5 μM).\
(D) The indicated TNBC tumor lines were treated with TRAM (20 nM), SHP (5 μM), or the combination, and p(Y542)SHP2 and ERK signaling were monitored for 24 hr by immunoblotting with the indicated antibodies.\
(E) The indicated cell lines were treated with DMSO, TRAM (20 nM), or TRAM (20 nM) and SHP (5 μM) for 24 hr. Cell lysates were subjected to immunoprecipitation with a SHP2 antibody and immunoblotted for GAB1, GRB2, and SHP2 or were subjected to RAS-pull down assay and immunoblotted for RAS. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(F) Crystal violet cell growth assays assessing the effect of TRAM (20 nM), SHP (5 and 10 mM), and the combination in the indicated TNBC cell lines.](nihms-1013350-f0003){#F2}

![Combined MEK and SHP2 Inhibition Is Effective in KRAS (G12X) Mutant Cancer Cells\
(A) The indicated RAS(G12X), RAS(G13D), or RAS(Q61X) mutant cell lines were treated with SHP (10 μM) for 2 hr. Cell lysates were subjected to RAS-pull down assay and immunoblotted for RAS. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(B) RAS(G12X), RAS(G13D), or RAS(Q61X) mutant cell lines were treated with TRAM (5 nM), SHP (10 μM), or the combination, and pERK levels were detected at 2 and 24 hr by immunoblotting with the indicated antibodies. A549 and H1792 cells were treated with 1 or 10 nM TRAM, respectively.\
(C) Crystal violet cell growth assays assessing the effect of TRAM (1 nM), SHP (5 and 10 μM), and the combination in the indicated RAS(G12X), RAS(G13D), and RAS(Q61X) mutant cell lines. H358 cells were treated with TRAM (5 nM) and SHP (0.1, 0.3, 1, 3, and 10 mM). A549 and H1792 cells were treated with 5 or 10 nM TRAM, respectively.\
(D) RAS(G12C)-expressing tumor cells were subjected to RAS-pull down assay and immunoblotted with the indicated antibodies. See also [Figure S2](#SD1){ref-type="supplementary-material"}.](nihms-1013350-f0004){#F3}

![A Subset of Colorectal and Thyroid BRAF(V600E) Tumor Cells Are Sensitive to Combined BRAF and SHP2 Inhibition\
(A) Colorectal BRAF(V600E) (RKO, HT-29, WiDr, and SW1417) and Thyroid BRAF(V600E) (8505C, SW1736, and Hth104) cells were treated with vemurafenib (VEM, 2 μM), SHP (5 and 10 μM), or the combination, and pERK levels were monitored for 48 hr by immunoblotting with the indicated antibodies. The 8505C and HT-29 cells were treated with 1 or 3 μM VEM, respectively.\
(B) Crystal violet cell growth assays assessing the growth inhibitory effect of VEM (2 μM), SHP (5 or 10 μM), and the combination in the indicated colorectal and thyroid BRAF(V600E) cell lines.\
(C) The indicated tumor cells were treated with VEM, SHP, or the combination for 24 hr then subjected to RAS-GTP pull-down assay. Total cell lysates were subjected to immunoblotting with the indicated antibodies.\
(D) HT-29 and WiDr cells were treated with DMSO, VEM, SHP, or the combination for 24 hr. Cell lysates were subjected to immunoprecipitation with a SHP2 antibody and immunoblotted for GRB2 and SHP2.\
(E) HT-29 and SW1736 cells were treated with VEM for 24 hr. Cell lysates were subjected to immunoprecipitation with a SHP2 antibody and immunoblotted for GAB1, GRB2, and SHP2. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(F) The indicated tumor cells were treated with either VEM (2 μM in BRAF(V600E)-expressing cells) or TRAM (20 nM in TNBC cells) for 24 hr, and the indicated proteins were detected by immunoblotting.\
(G) Colorectal BRAF(V600E) (RKO, HT-29, and WiDr) cells were treated with dabrafenib (DAB, 100 nM) and TRAM (1 nM), SHP (10 μM), or the combination, and reactivation of ERK signaling was monitored for 24 hr by immunoblotting with the indicated antibodies.\
(H) Mice bearing RKO xenografts were treated with vehicle (tumors 1--3) and DAB (30 mg/kg) and TRAM (0.25 mg/kg) for 48 hr (tumors 4--6) or DAB and TRAM followed by SHP (75 mg/kg, once daily) for 24 hr (tumors 7--9). Tumors were collected and ERK and SHP2 activity were determined by immunoblotting.\
(I) RKO cells were injected subcutaneously into the flanks of nude mice (10 million cells/injection). When tumors reached 100--150 mm^3^ in size, the indicated treatments started. Tumors were collected after 21 days of treatment or when tumors reached approximately 1,000 mm^3^ and were lysed and subjected to immunoblotting with the indicated antibodies.\
(J) Waterfall graph showing the fold change in tumor volume compared with baseline in mice bearing the RKO xenografts (n = 7 mice/arm) after 21 days of the indicated treatment (p values calculated using unpaired t test).\
See also [Figure S3](#SD1){ref-type="supplementary-material"}.](nihms-1013350-f0005){#F4}

![Inhibitors of Members of the ERBB Family or the MET Receptor Suppress the pERK Rebound in Colorectal BRAF(V600E)-Tumor Cells\
(A) Indicated tumor cells were treated with 2 μM VEM for 48 hr, followed by different ERBB inhibitors at different concentrations (0.2 and 2 μM) for 2 hr. Lysates were subjected to immunoblotting with the indicated antibodies. GEF, gefitinib; LAP, lapatinib; AZD, AZD8931.\
(B) Cells were treated with or without 2 μM VEM for 24 hr. Levels of phosphorylated RTKs in cell lysates were detected using phospho-RTK arrays.\
(C) RKO cells were treated with 2 μM VEM for 48 hr, followed by crizotinib (CRIZ, 2 μM) for 2 hr. Cell lysates were either subjected to immunoprecipitation with a MET antibody and immunoblotted for pMET or subjected to immunoblotting with the indicated antibodies.\
(D) Cells were treated with 2 μM VEM for 48 hr, followed by different RTK inhibitors at different concentrations (0.2 μM or 2 μM) for 2 hr. Lysates were subjected to immunoblotting with the indicated antibodies. CRIZ, crizotinib; CABO, cabozantinib; GSK, GSK1904529A. See also [Figures S4 and S5](#SD1){ref-type="supplementary-material"}.](nihms-1013350-f0006){#F5}

![FGFR Inhibition Overcomes Primary Resistance to RAF Inhibitor in a Subset of SHP2-Negative BRAF(V600E) Cancer Cells\
(A) Heatmaps of SHP2-negative (Hth104 and SW1736), compared with SHP2-positive (WiDr), BRAF(V600E) cells treated with VEM at 2 μM for 24 hr, showing normalized expression of genes associated with RAS activity regulation, chemokine and cytokines pathways, and RTK pathways. Heatmaps were generated with Morpheus software (Broad Institute, Cambridge, MA, USA).\
(B) HT-29, WiDr, Hth104, and SW1736 cells were treated with VEM (2 μM) for 24 hr. Total cell lysates were subjected to immunoblotting with the indicated antibodies.\
(C) HT-29 and SW1736 cells were treated with VEM (2 μM) for 24 hr, followed by GEF (2 μM) or BGJ398 (BGJ, 5 μM) for 2 hr, then stimulated with EGF (10 ng/mL) or FGF2 (100 ng/mL) for 10 min, respectively. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(D) Hth104 or SW1736 cells were treated with 2 μM VEM for 48 hr followed by either ponatinib (PON) or BGJ at increasing concentrations for 2 hr. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(E) Hth104 or SW1736 cells were treated with 2 μM VEM for 48 hr, followed by BGJ (5 μM) for 2 hr, then subjected to RAS-GTP pull-down assay. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(F) Hth104 or SW1736 cells were treated with 2 μM VEM combined with either PON (500 or 750 nM) or BGJ (1 or 5 μM) for 24 hr. Total lysates were subjected to immunoblotting with the indicated antibodies.\
(G) Hth104 cells were transfected with either non-targeting control or FGFR1 siRNA (100 nM) for 24 hr then treated for either 1 or 24 hr with VEM (2 μM). FGFR1 expression and ERK phosphorylation were determined by immunoblotting.\
(H) SW1736 cells were transfected with non-targeting control, FGFR1 or FGFR2 siRNA (100 nM), or the combination (75 nM each) for 24 hr, followed by treatment with VEM (2 μM/24 hr). FGFR1 and FGFR2 expression and ERK phosphorylation were determined by immunoblotting.\
(I) Crystal violet cell growth assays assessing the effect of VEM (1, 2, or 4 μM), PON (100 nM), or the combination in Hth104 or SW1736 cells.\
(J) Crystal violet cell growth assays assessing the effect of VEM (2 μM), BGJ (0.5 or 1 mM), or the combination in Hth104 and SW1736 cells. See also [Figures S6 and S7](#SD1){ref-type="supplementary-material"}.](nihms-1013350-f0007){#F6}

![Schematic of the Role of SHP2 in Driving Adaptive Resistance to ERK Signaling Inhibition in Different Molecular Contexts\
(A) In tumors with deregulated ERK signaling and wild-type BRAF and RAS (as in the majority of TNBCs), negative feedback downstream of ERK suppresses RTK signaling (left). Inhibition of ERK activity by a MEK inhibitor induces upregulation of feedback-suppressed RTKs, which activate RAS resulting in incomplete inhibition of ERK activity (middle). Combined targeting of MEK and SHP2 results in potent inhibition of ERK signaling thereby overcoming adaptive resistance to the MEK inhibitor (right).\
(B) In tumors with RAS mutations, relief of negative feedback of RTKs by MEK inhibitor attenuates its effect in suppressing ERK signaling (left). Sensitivity to the combination is more prominent in cells with RAS(G12) mutants (middle), whereas expression of RAS(G13D) or RAS(Q61X) is predictive of resistance (right).\
(C) In tumors with BRAF(V600E) mutations, RTKs drive adaptive resistance and the pERK rebound upon treatment with a RAF inhibitor or the combination of a RAF and a MEK inhibitor (left). We identified cells sensitive (middle) and cells completely resistant (right) to the combination. In the latter, ''SHP2-negative'' cells, SHP2 activity was very low (i.e., undetectable p(Y542)SHP2), and the feedback-induced RAS activity and ERK rebound were independent of SHP2. In two such cases, we identified another RTK, FGFR, driving RAS activation independent of SHP2 (right).](nihms-1013350-f0008){#F7}

###### 

KEY RESOURCES TABLE

  REAGENT or RESOURCE                                                    SOURCE                        IDENTIFIER
  ---------------------------------------------------------------------- ----------------------------- ---------------------------------------
  anti-pERK^T23202/Y204^                                                 Cell Signaling                Cat\# 4370; RRID: AB_2315112
  anti-ERK                                                               Cell Signaling                Cat\# 4696; RRID: AB_390780
  anti-pSTAT3^Y705^                                                      Cell Signaling                Cat\# 9145; RRID: AB_2491009
  anti-pMEK^S217/221^                                                    Cell Signaling                Cat\# 9154; RRID: AB_2138017
  anti-MEK                                                               Cell Signaling                Cat\# 2352; RRID: AB_10693788
  anti-pEGFR^Y1068^                                                      Cell Signaling                Cat\# 3777; RRID: AB_2096270
  anti-EGFR                                                              Cell Signaling                Cat\# 4267; RRID: AB_2246311
  anti-pERBB3^Y1289^                                                     Cell Signaling                Cat\# 4791; RRID: AB_2099709
  anti-ERBB3                                                             Cell Signaling                Cat\# 12708; RRID: AB_2721919
  anti-FGFR1                                                             Cell Signaling                Cat\# 9740; RRID: AB_11178519
  anti-FGFR2                                                             Cell Signaling                Cat\#11835
  anti-GRB2                                                              Cell Signaling                Cat\# 3972; RRID: AB_10693935
  anti-GAB1                                                              Cell Signaling                Cat\# 3232; RRID: AB_2304999
  anti-pMET^Y1234/1235^                                                  Cell Signaling                Cat\# 3077; RRID: AB_2143884
  anti-MET                                                               Cell Signaling                Cat\# 8198; RRID: AB_10858224
  anti-actin                                                             Cell Signaling                Cat\# 5125; RRID: AB_1903890
  anti-rabbit IgG secondary                                              Cell Signaling                Cat\# 7074; RRID: AB_2099233
  anti-mouse IgG secondary                                               Cell Signaling                Cat\# 7076; RRID: AB_330924
  anti-SHP2                                                              Santa Cruz Biotechnology      Cat\# sc-7384; RRID: AB_628252
  anti-IL6                                                               Santa Cruz Biotechnology      Cat\# sc-57315; RRID: AB_2127596
  anti-pSHP2^Y542^                                                       Abeam                         Cat\# ab62322; RRID: AB_945452
  anti-DUSP6                                                             Abeam                         Cat\# ab76310; RRID: AB_1523517
  anti-SOS1                                                              Abeam                         Cat\#ab 140621
  anti-pFGFR1^Y653/654^                                                  Millipore                     Cat\# 06--1433; RRID: AB_10918364
  anti-FGF2                                                              BD biosciences                Cat\# 610072; RRID: AB_399693
  anti-RAS                                                               R&D Systems                   N/A
  anti-KRAS                                                              Novus Biologicals             Cat\# H00003845-M01; RRID: AB_1506275
  Chemicals, Peptides, and Recombinant Proteins                                                        
  SHP099 HCL                                                             Selleckchem                   Cat\# S8278
  Trametinib                                                             Selleckchem                   Cat\# S2673
  Vemurafenib                                                            Selleckchem                   Cat\#S1267
  Dabrafenib                                                             Selleckchem                   Cat\# S2807
  Gefitinib                                                              Selleckchem                   Cat\#S1025
  Lapatinib                                                              Selleckchem                   Cat\#S2111
  AZD8931                                                                Selleckchem                   Cat\#S2192
  Cabozantinib                                                           Selleckchem                   Cat\# S4001
  R428                                                                   Selleckchem                   Cat\# S2841
  GSK1904529A                                                            Selleckchem                   Cat\#S1093
  Crizotinib                                                             Selleckchem                   Cat\#S1068
  BGJ398                                                                 Selleckchem                   Cat\#S2183
  Ponatinib                                                              Selleckchem                   Cat\#S1490
  SHP099 HCL                                                             Chemietek                     Cat\#CT-SHP099
  Doxycycline                                                            Sigma-Aldrich                 Cat\# D9891
  Puromycin Dihydrochloride                                              Thermo Fisher Scientific      Cat\#A1113803
  NP-40                                                                  United States Biologicals     Cat\# 9036--19-5
  Sodium Chloride                                                        Thermo Fisher Scientific      Cat\# 507517460
  Glycerol                                                               Thermo Fisher Scientific      Cat\# BP 2291
  EDTA                                                                   Sigma-Aldrich                 Cat\# 60004
  TRIS HCL PH7.5                                                         Thermo Fisher Scientific      Cat\# 501031383
  Tween 80                                                               Sigma-Aldrich                 Cat\# 9490
  DMSO                                                                   Thermo Fisher Scientific      Cat\#BP231100
  Hydroxypropyl methyl Cellulose                                         Thermo Fisher Scientific      Cat\# 9004--65-3
  Methyl Cellulose                                                       Sigma-Aldrich                 Cat\# M0512
  Lipofectamine 2000                                                     Invitrogen                    Cat\# 11668019
  Lipofectamine RNAiMAX                                                  Invitrogen                    Cat\# 13778075
  Recombinant Human- IL-6 protein                                        R&D systems                   Cat\#206-IL-010
  Recombinant Human EGF protein                                          Invitrogen                    Cat\# PHG0311
  Recombinant Human NRG1 protein                                         R&D systems                   Cat\# 5898-NR-050
  Human Basic Fibroblast Growth Factor (hFGF basic/FGF2)                 Cell Signaling                Cat\#8910
  Recombinant protein G agarose                                          Invitrogen                    Cat\# 15920010
  RPMI 1640 Medium                                                       Thermo Fisher Scientific      Cat\# 11875119
  DMEM Medium                                                            Thermo Fisher Scientific      Cat\# 10313039
  DMEM/F12 Medium                                                        Thermo Fisher Scientific      Cat\# 11320033
  Ham's F-12 Nutrient Mix                                                Thermo Fisher Scientific      Cat\# 11765062
  Fetal Bovine Serum                                                     Thermo Fisher Scientific      Cat\# 16000044
  GlutaMAX Supplement                                                    Thermo Fisher Scientific      Cat\# 35050061
  Penicillin-Streptomycin                                                Thermo Fisher Scientific      Cat\# 15140122
  TRIzol Reagent                                                         Thermo Fisher Scientific      Cat\# 15596026
  cOmplete, EDTA-free Protease Inhibitor Cocktail                        Sigma-Aldrich                 Cat\# 5056489001
  Critical Commercial Assays                                                                           
  Human phospho-RTK arrays                                               R&D Systems                   Cat\# ARY001B
  RAS pull down kit                                                      Pierce                        Cat\# P116117
  Deposited Data                                                                                       
  RNA sequencing data and analysis                                       NCBI GEO                      GSE121117
  Experimental Models: Cell Lines                                                                      
  RKO                                                                    ATCC                          Cat\# CRL-2577
  WiDr                                                                   ATCC                          Cat\#CCL-218
  MCF7                                                                   ATCC                          Cat\# HTB-22
  T47D                                                                   ATCC                          Cat\# HTB-133
  MDA-MB-468                                                             ATCC                          Cat\#HTB-132
  SW1417                                                                 ATCC                          Cat\# CCL-238
  NCI-H358                                                               ATCC                          Cat\# CRL-5807
  MIAPaCa-2                                                              ATCC                          Cat\# CRL-1420
  NCI-H1573                                                              ATCC                          Cat\# CRL-5877
  NCI-H1792                                                              ATCC                          Cat\# CRL-5895
  SKMEL2                                                                 ATCC                          Cat\# HTB-68
  Calu-1                                                                 ATCC                          Cat\# HTB-54
  Calu-6                                                                 ATCC                          Cat\# HTB-56
  HCT15                                                                  ATCC                          Cat\# CCL-225
  SW620                                                                  ATCC                          Cat\# CCL-227
  HCT116                                                                 ATCC                          Cat\# CCL-247
  HCC1937                                                                ATCC                          Cat\# CRL-2336
  BT20                                                                   ATCC                          Cat\#HTB-19
  MDA-MB-231                                                             ATCC                          Cat\# HTB-26
  MDA-MB-157                                                             ATCC                          Cat\# HTB-24
  Hs 578T                                                                ATCC                          Cat\# CRL-7849
  HT-29                                                                  ATCC                          Cat\# HTB-38
  SK-BR-3                                                                ATCC                          Cat\# HTB-30
  BT-474                                                                 ATCC                          Cat\# HTB-20
  T84                                                                    ATCC                          Cat\# CCL-48
  LoVo                                                                   ATCC                          Cat\# CCL-229
  HeLa                                                                   Dr. Ramon Parsons             N/A
  MDA-MB-436                                                             Dr. Ramon Parsons             N/A
  BT-549                                                                 Dr. Ramon Parsons             N/A
  SUM159                                                                 Dr. Ramon Parsons             N/A
  SNU387                                                                 Dr. Amaia Lujambio            N/A
  SW1736                                                                 Dr. James Fagin               N/A
  Hth1O4                                                                 Dr. James Fagin               N/A
  8505C                                                                  Dr. James Fagin               N/A
  Experimental Models: Organisms/Strains                                                               
  Female athymic NCR-NU-NU                                               Envigo laboratories           N/A
  Oligonucleotides                                                                                     
  SMARTpool: ON-TARGETplus IL6 siRNA                                     Dharmacon                     Cat\# L-007993-00-0005
  SMARTpool: ON-TARGETplus FGFR1 siRNA                                   Dharmacon                     Cat\#L-003131-00-0005
  SMARTpool: ON-TARGETplus FGFR2 siRNA                                   Dharmacon                     Cat\#L-003132-00-0005
  Non-targeting control (NTC) siRNA                                      Dharmacon                     Cat\# D-001810-10-05
  Recombinant DNA                                                                                      
  Tet-pLKO-puro plasmid                                                  Addgene                       Cat\# 21915
  psPAX2                                                                 Addgene                       Cat\# 12260
  pMD2.G                                                                 Addgene                       Cat\# 12259
  Software and Algorithms                                                                              
  GraphPad Prism 5                                                       GraphPad Software             N/A
  Morpheus software                                                      Broad Institute               N/A
  Other                                                                                                
  GE Healthcare Amersham Protran NC Nitrocellulose Membranes: Rolls      GE Healthcare Life Sciences   10600006
  Invitrogen Novex NuPAGE 4--12% Bis-Tris Protein Gels, 1.5mm, 10 well   Thermo Fisher Scientific      NP0335BOX

###### Highlights

-   SHP2 drives adaptive resistance to RAF and MEK inhibitors in multiple tumors

-   TNBC and RAS(G12X)-expressing tumors are sensitive to combined MEK-SHP2 inhibition

-   Expression of RAS(G13D), RAS(Q61X), or low p(Y542)SHP2 are predictors of resistance

-   FGFR can drive adaptive resistance to RAF and MEK inhibitors independently of SHP2
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